Shewanella putrefaciens has been considered the main spoilage bacteria of low-temperature stored marine seafood. However, psychrotropic Shewanella have been reclassified during recent years, and the purpose of the present study was to determine whether any of the new Shewanella species are important in fish spoilage. More than 500 H 2 S-producing strains were isolated from iced stored marine fish (cod, plaice, and flounder) caught in the Baltic Sea during winter or summer time. All strains were identified as Shewanella species by phenotypic tests. Different Shewanella species were present on newly caught fish. During the warm summer months the mesophilic human pathogenic S. algae dominated the H 2 S-producing bacterial population. After iced storage, a shift in the Shewanella species was found, and most of the H 2 S-producing strains were identified as S. baltica. The 16S rRNA gene sequence analysis confirmed the identification of these two major groups. Several isolates could only be identified to the genus Shewanella level and were separated into two subgroups with low (44%) and high (47%) G؉C mol%. The low G؉C% group was isolated during winter months, whereas the high G؉C% group was isolated on fish caught during summer and only during the first few days of iced storage. Phenotypically, these strains were different from the type strains of S. putrefaciens, S. oneidensis, S. colwelliana, and S. affinis, but the high G؉C% group clustered close to S. colwelliana by 16S rRNA gene sequence comparison. The low G؉C% group may constitute a new species. S. baltica, and the low G؉C% group of Shewanella spp. strains grew well in cod juice at 0°C, but three high G؉C Shewanella spp. were unable to grow at 0°C. In conclusion, the spoilage reactions of iced Danish marine fish remain unchanged (i.e., trimethylamine-N-oxide reduction and H 2 S production); however, the main H 2 S-producing organism was identified as S. baltica.
In 1985 Shewanella was defined as a new genera (28) named after James Shewan for his work in fisheries microbiology (38) . The genus is a member of the Order Alteromonadales, Family Alteromonadceae within the gamma subdivision of the Proteobacteria. Shewanella species are gram-negative, motile rods, which in general are nonfermentative, although the ability to ferment glucose has been reported in a few species (1, 23) . Shewanella species produce H 2 S from both organic and inorganic sources. They are capable of anaerobic respiration using several electron acceptors and most strains reduce trimethylamine-N-oxide (TMAO) (3, 42) . Shewanella species can be isolated from a wide range of habitats. Species may be mesophilic (S. algae, S. amazonensis, S. colwelliana, S. oneidensis, and S. putrefaciens), psychrotrophic (S. putrefaciens, S. baltica, S. frigidimarina, S. woodyi, and S. dinitrificans), psychrophilic (S. gelidimarina and S. hanedai), or psychrophilic, as well as barophilic (S. benthica) (2, 24, 29, 42) . The species S. putrefaciens plays a prominent role as a spoilage organism of fish and other food products (14) . However, S. putrefaciens (10) strains are heterogeneous, and recent taxonomic description using modern molecular methods bifurcated this species; several new species have been described. Initially, mesophilic strains of S. putrefaciens were identified as S. algae (10, 30) , S. waksmanii (22) , S. affinis (21) , and S. aquimarina (43) . Later, additional psychrotrophic species such as S. baltica (45) , S. oneidensis (42) , S. gelidimarina (1) , S. frigidimarina (1, 33) , S. livingstonensis (2) , S. olleyana (39) , S. denitrificans (3) , and S. profunda (41) were described.
The psychrotrophic nature and the ability of the S. putrefaciens to reduce TMAO to trimethylamine (TMA) explains its importance in spoilage of fish stored at low temperatures where the "fishy" off-odor of spoiling fish is caused by the production of TMA. The bacterium also degrades sulfur-containing amino acids and produces volatile sulfides including H 2 S (16, 19) . Bacteria identified as S. putrefaciens have also been associated with spoilage of chilled-seawater-stored prawns (4), high-pH beef (5) , and broiler chicken carcasses (34) and have been isolated in high numbers from ground beef (32) . H 2 S-producing bacteria constitute only a minor fraction of the initial microflora on newly caught fish, but gram-negative, psychrotrophic species become dominant during iced storage, and H 2 S-producing bacteria will typically grow to levels of 10 7 ϫ 10 9 CFU/g (19, 25, 37). The remaining shelf-life of iced fish can be predicted by the number of bacteria capable of reducing TMAO and producing H 2 S (25).
With the recent changes in Shewanella taxonomy, the objectives of the present study were to determine whether any of the newly named Shewanella species were present on newly caught Danish marine fish and whether any of these appeared more adapted to the selective pressure of prolonged cold storage.
MATERIALS AND METHODS
H 2 S-producing bacterial examination during storage. Bacterial examination were carried out on fish caught from the Baltic Sea in August 1995 (one plaice and two cod), January 1996 (two cod), and September 2001 (one plaice, one flounder, and two cod). Water temperatures of the Baltic Seawater were 20, 1, and 17°C, respectively. All of these nine fish (six cod [Gadus morhua], two plaice [Pleuronectes platessa], and one flounder [Platichtys flesus]) were stored at 0°C in ice. Samples were taken from the belly flap area on days 0, 7, 14, and 21 during 1995 and1996 and on days 0, 1, 2, 7, and 14 during 2001. Samples were homogenized and serially diluted in sterile peptone saline and pour plated in iron agar (Oxoid CM964; Oxoid, Ltd., Basingstoke, England) (17) . Plates were incubated at 25°C for 3 days and black (H 2 S-producing) and white colonies formed were counted. Total aerobic counts were determined, combining the counts of black and white colonies. All samplings were carried out in duplicate.
Isolation of bacterial strains. Approximately 20 black colonies (H 2 S production) were picked randomly from iron-agar plates from each sampling. The isolates were further purified in veal infusion broth (VIB; catalog no. 0344-17-6; Difco Laboratories, Detroit, MI) and on iron agar at 25°C. The strains were stored at Ϫ80°C in broth with 4% (vol/vol) glycerol and 2% (wt/vol) dried skim milk (12) for further characterization.
Identification of bacteria. All strains were tested at 25°C for the following key characteristics: gram reaction (18), motility and cell shape (phase-contrast microscopy after growth in VIB for 24 h), cytochrome oxidase (BBL DrySlide oxidase, catalog no. 231746; Becton Dickinson, Detroit, MI) (27) , catalase reaction (3% H 2 O 2 ), reduction of TMAO in TMAO medium (17) , and production of H 2 S from thiosulfate (17) . Fermentation of glucose was tested in the O-F medium (catalog no. 10282; Merck, Darmstadt, Germany) of Hugh and Leifson (20) at 25°C. Growth at various temperatures (4, 37, and 42°C), tolerance to 6% NaCl (10), and assimilation of several carbohydrates (citrate, gluconate, glucose, lactate, and sucrose) (44) NaCl] supplemented with 1.5% agar. A total of 5 l of an overnight grown culture was spotted on the plates. Cultures spotted on plates containing no carbohydrate were used as controls of growth due to carryover from the media of the overnight culture. Assimilation of carbohydrate was determined by visual inspection of the plates for growth after 2 and 7 days at 25°C. Type strains of S. putrefaciens, S. baltica, and S. algae were included in each trial and served as control. The genomic guanine-plus-cytosine (GϩC mol%) content was determined for a subset of strains (87 strains of 518) by high-pressure liquid chromatography (10) . The ability of strains from this subset and some additional strains (in total 98) to degrade gelatin (11) , DNA (Difco DNase Test agar w/methyl green, catalog no. 0220-17-5) and ornithine (Difco Decarboxylase base Moeller, catalog no. 289020) was also tested.
Growth of Shewanella in cod juice. The ability to grow in cod juice at low temperatures was tested on nine strains representing three major groups of Shewanella spp. (three strains each of S. baltica and high-GϩC and low-GϩC Shewanella spp.). Six strains were precultured in cod juice as reported elsewhere (6) at 0°C. Three strains of high-GϩC Shewanella spp. were precultured in nutrient broth at 5°C since growth of these strains at 0°C was very weak when cultured in cod juice. All strains were inoculated in cod juice at 10 4 ϫ 10 5 CFU/ml. Flasks were incubated at 0°C, samples were withdrawn twice a week, and growth was estimated by surface plating on iron agar. The experiment was conducted twice, each time with one determination per strain. DNA extraction and PCR amplification. DNA was extracted from the overnight grown culture according to standard lysozyme/organic solvent extraction protocols (35) . Bacterial small subunit rRNA genes were PCR amplified with eubacterially biased primers B27F (5Ј-GAGTTTGATCMTGGCTCAG-3Ј) and B1512R (5Ј-AAGGAGGTGATCCANCCRCA-3Ј). PCR conditions were as follows: denaturation for 1 min at 95°C, annealing for 2 min at 55°C, and elongation for 3 min at 72°C for 35 cycles using a thermal cycler (MJ Research, Waltham, MA). The purified amplicons were then fully, bidirectionally sequenced (Davis Sequencing, Davis, CA).
Sequence analysis and phylogenetics. The phylogenetic relationships of organisms covered in the present study were determined by comparison of individual rRNA gene sequences to those in the public database (http://www.ncbi .nlm.nih.gov/BLAST). A maximum-parsimony evolutionary tree encompassing 500 bootstrapped replicates was constructed by using PAUP software (40a). The rRNA sequences were entered into the GenBank database and were assigned accession numbers AB205566 to AB205581.
DNA-DNA hybridization was studied by microplate hybridization methods (8) with photobiotin labeling and colorimetric detection, with 1,2-phenylenediamine (Sigma) as the substrate and streptavidin-peroxidase conjugate (Boehringer Mannheim) as the colorimetric enzyme (36) .
RESULTS
Changes in H 2 S-producing bacterial population during storage. Initial counts of H 2 S-producing black colonies in iron agar varied from 10 CFU/g (winter 1996) to approximately 10 3 CFU/g (summer 1995). The H 2 S-producing counts increased on fish stored in ice over the 3-week storage period to 10 7 to 10 8 CFU/g irrespective of initial counts and period of collection ( Fig. 1) . Similarly, total aerobic counts increased from 10 3 to 10 4 CFU/g to 10 8 to 10 9 CFU/g after 3 weeks of (Fig. 1 ). The initial counts of both H 2 S-producing and total aerobic bacteria of plaice and cod fish caught during the summer of 2001 were comparable except for the flounder that showed at least 2-to 3-log higher counts than cod or plaice sampled in the same period (Fig. 2) . The counts on fish caught in 2001 and stored in ice did not increase to 10 8 or 10 9 CFU/g, but the aerobic counts at day 14 were only 10 4 or 10 5 CFU/g and H 2 S-producing microbes were 10 2 or 10 4 CFU/g. A log increase in counts was observed when flounder was stored at 0°C (Fig. 2) . In 2001, a more frequent sampling was done during the first week; it was clear that H 2 S counts decreased slightly during the first few days, and a significant increase was not seen until day 14 ( Fig. 2) . The water temperature reached 21°C in August 1995 and fell to 0 to 1°C in January 1996. In August 2001, the water temperature averaged 17 to 18°C (data not shown).
Characterization of H 2 S-producing microbes. A total of 518 H 2 S-producing strains were isolated from the nine fish (Table 1 ). All isolates picked as H 2 S producing were gramnegative, motile rods with positive oxidase and catalase reactions. They were unable to ferment glucose but reduced TMAO and produced H 2 S. Based on these traits, the strains were tentatively classified as S. putrefaciens according to the method of Stenstrøm and Molin (40) . However, these characteristics are not sufficient to allow for a complete differentiation between S. putrefaciens and S. algae (10) or for differentiation between some of the psychrotrophic shewanellae (44) . A simple phenotypic scheme derived from various biochemical tests was used to further distinguish the 518 strains (Table 1) . Based on these phenotypic traits, the changes in the abundance of these Shewanella species on fish stored at 0°C, as well as their succession, were delineated ( Table 2) .
The majority of the strains (345 of 518) were phenotypically similar to the psychrotrophic S. baltica NCTC 10735
T strain and assimilated all of the carbohydrates tested (code A1). Forty-nine strains exhibited very similar phenotypic reactions to the S. baltica type strain except for at least one phenotypic variation. Among these 49 atypical strains, code A2 strains (27 isolates) and code A3 strains (14 isolates) did not assimilate citrate or sucrose, respectively, whereas code A4 strains (8 isolates) grew slowly at 37°C (Table 1) . A subset of strains (54 isolates) were positive for production of gelatinase, DNase, and ornithine decarboxylase. Any strain displaying an atypical reaction was retested. The GϩC mol% content of code A strains (50 isolates) varied from 46 to 47 GϩC mol%, which is also reported for S. baltica. Compiling these results, we identified the 394 strains as S. baltica.
The H 2 S-producing strains that grew at 42°C but failed to grow at 4°C were tentatively grouped as S. algae. These strains were unable to assimilate gluconate and sucrose as carbon substrate. Among the 44 isolates, code B1 strains (27 isolates) were similar to S. algae IAM 14159
T and code B2 strains (17 isolates) assimilated citrate as a sole carbon source. A subset of code B strains were tested for gelatinase activity, DNase, and ornithine decarboxylase production and were all positive for these traits. GϩC mol% were between 52 and 54%, and all of these strains were identified as S. algae.
A third group of 80 strains grew well at 4°C but only assimilated one or two of the carbohydrates tested (Table 1 , phenotypic trait codes C1 to C5). They were phenotypically different from the type strains of S. putrefaciens (ATCC 8071 T ), S. oneidensis (ATCC 700550 T ), and S. colwelliana (ATCC 39565 T ). The halotolerant strains (growing in 6% NaCl; codes C1 and C2) did not produce gelatinase, DNase, or ornithine decarboxylase, and the GϩC mol% of these strains ranged from 46 to 47%. Code C1 strains were able to grow at 37°C, whereas code C2 strains were not. The 40 strains that did not grow in 6% NaCl (codes C3, C4, and C5) were also able to degrade gelatin, DNA, and ornithine, and the GϩC mol% ranged from 44 to 45. The code C strains may belong to a new Shewanella spp., but more detailed taxonomic study is necessary to validate this claim. However, we designate C1 and C2 strains as high-GϩC Shewanella spp., and C3, C4, and C5 strains are called low-GϩC Shewanella spp.
Phylogenetic analysis based on 16S rRNA gene sequence. ( Fig. 3) . Phylogenetic analyses, based on 16S rRNA sequences, unambiguously demonstrated that the tested strains belonged to the ␥-proteobacteria. The 16S rRNA sequences of all known members of the ␥-proteobacteria were compared to that of tested strains. Bootstrapping (1,000 replicates) analysis was performed to avoid sampling artifacts. Neighbor-joining, parsimony, and maximum-likelihood analyses were undertaken on this subset of bacteria, using several subdomains of the 16S rRNA. The tested strains shares a close phylogenetic relationship with Shewanella species. The sequence similarities of 16S rRNA genes among the phenotypically coded strains were Ͼ99.0%. T . Furthermore, the strains of the groups A3, C3, and C4 had only 20 to 34% DNA hybridization values between the groups. This finding strongly supports the claim that the isolates of the groups A3, C3, and C4 represent two novel species within the Shewanella genus and will be described in detail elsewhere (M. Satomi, unpublished data). The strains of group C5 are very closely related to groups C3 and C4 (55 to 65% DNA relatedness), and further research is necessary to define their phylogenetic affiliation. In this communication, we discuss the predominance of these strains based on phenotypic groupings.
Changes in Shewanella species during storage of marine fish. The changes in Shewanella species during storage of marine fish stored at 0°C are presented in Table 2 . S. algae was the most commonly identified H 2 S-producing bacteria on all fish caught in 1995 and on plaice caught in 2001 but, during storage at 0°C, psychrotrophic S. baltica outgrew the mesophilic S. algae. In contrast, S. baltica were present as a prominent member of the H 2 S-producing bacteria on the fish caught in (Table 1) within the genus Shewanella. The branching pattern was generated by neighbor-joining methods, and bootstrap values were calculated from 1,000 trees. Bar, sequence similarity of 0.01.
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the colder periods. At all three samplings there was a clear pattern in the growth of certain Shewanella species during storage at 0°C. In August 1995, S. baltica was the only H 2 Sproducing bacteria that proliferated. In January 1996 and August 2001, appreciable numbers of low GϩC and high GϩC Shewanella spp. grew during iced storage despite the presence of S. baltica on the newly caught fish. In some instances, low-GϩC Shewanella spp. accounted ca. 64% (9 of 14 isolates from cod of January 1996; Table 2 ) of the H 2 S-producing strains. The H 2 S-producing bacteria on plaice sampled during August 2001 consisted of either S. algae or high-GϩC Shewanella spp., and S. baltica was not isolated. However, S. baltica completely outgrew the other H 2 S-producing bacteria after 1 week of iced storage Similarly, the flounder of August 2001 exhibited a decline in S. baltica incidence at day 2, but this was the only Shewanella species isolated after 7 and 14 days of storage at 0°C. Growth patterns in cod juice at 0°C. Representative strains of S. baltica and Shewanella spp. (both low-and high-GϩC isolates) were selected, and their growth pattern in cod juice at 0°C was determined (Fig. 4) . The three S. baltica and the three low-GϩC Shewanella spp. grew well in cod juice at 0°C and reached densities of 10 9 CFU/ml in 21 days. The three S. baltica strains had an extended lag phase (7 days) but grew well thereafter. Even though the initial inoculation was 10 5 CFU/g, the high-GϩC Shewanella spp. did not grow at 0°C, and numbers declined slowly over the period of cold storage.
DISCUSSION
H 2 S-producing gram-negative bacteria are commonly associated with the spoilage of foods (19) . These bacteria usually constitute only a small fraction of the initial flora on newly caught fish but constitutes a significant, sometimes dominant, part of the microbiota during chilled storage (15, 25) , and their numbers determine the shelf life of the product (25) . All of the 518 H 2 S-producing strains isolated from the nine fish (Table 1) were tentatively classified as S. putrefaciens according to the method of Stenstrøm and Molin (40). Our study confirmed that H 2 S producing bacteria grow well during storage of iced marine fish ( Fig. 1 and 2) , and all strains also produced the fishy compound TMA. These H 2 S-producing bacteria have hitherto been identified as S. putrefaciens (26, 40) ; however, the present study demonstrates that the H 2 S-producing bacteria proliferating during ice stored fish of the Baltic Sea were in fact S. baltica.
Bacterial isolates that have until recently been identified as S. putrefaciens by standard microbiological key characteristics as being gram-negative motile rods with positive oxidase and catalase reactions that produce H 2 S have strictly respiratory metabolism and are able to reduce several electron-acceptors, including TMAO (40) . These traits can, however, only resolve the identity of the isolate to the genus level (42) . Based on additional phenotypic characterization, we propose that the Shewanella strains of the Baltic Sea can be further distinguished into its species ( Table 1 ). The criteria chosen were carefully selected from other studies where they have been used to differentiate within the Shewanella species (40, 42, 45) . For example, the inability to grow at 4°C and concurrent ability to grow at 42°C distinguishes S. algae from S. baltica and S. putrefaciens.
Stenström and Molin (40) reported phenotypic differences for several strains of S. putrefaciens (31) . One of these groups was later described as S. baltica by Ziemke et al. (44) . Similarly, in the present study, a phenotypic heterogeneity was observed in the Shewanella species isolated from fish caught in the Baltic Sea. Ziemke et al. (44) concluded that strains identified as S. baltica could use citrate and sucrose as sole sources of carbon and energy and could not grow at 37°C similar to 345 strains in our study. Approximately 12% of strains (49 of 394 isolates) identified as S. baltica did not follow the typical phenotypic pattern of the S. baltica type strain NCTC 10735. Our 16S rRNA gene sequence analysis confirmed the phenotypic grouping established in the present study and identified the 394 strains as S. baltica. The majority of strains tested were positive for the production of ornithine decarboxylase in contrast to the findings of Venkateswaran et al. (42) . Gelatinase was produced by all high-GϩC Shewanella spp. strains tested, whereas Venkateswaran et al. (42) reported that S. putrefaciens could be separated from other halotolerant strains by being gelatinase-negative. Both these differences could be explained by the fact that our study covered a larger collection of strains (80 isolates) compared to the study by Venkateswaran et al. (42) (10 strains). Also, Shewanella is clearly a heterogeneous genus.
It is possible to systematize any group of isolates on the basis of phenotypic characters; however, the comparative value of a given trait or group of traits over another remains difficult to assess (42) . Also, variations in the approaches used for the culture and testing of isolates can produce different results. Hence, we also included GϩC content, and 16S rRNA sequence analysis, and it is evident that some of the strains examined in the present study may encompass two novel Shewanella species (code A3 and code C3 to C5 strains). A detailed polyphasic taxonomic approach, as well as DNA-DNA hybridization studies, is necessary to further describe these novel species. Since the objective of our present study was not (13) and has been associated with infections in humans (7, 9) . The present study demonstrates that S. algae also predominates on fish during the warm summer months. There was a clear correlation between water temperature and the occurrence of S. algae in the Danish waters (13) , and was this also reflected in the fish microflora. S. algae were not detected on fish caught in winter but only on fish caught during summer. The significantly higher proportion of S. algae found during the warmer summer of 1995 than in 2001 might be attributed to the seawater temperature, which was at least 3 to 4°C warmer in 1995 than in 2001.
The incidences of Shewanella species on fish caught at different times exhibit different patterns. In 1995, both S. algae and S. baltica coexisted on the newly caught fish. In 1996, due to colder temperature, S. algae strains were not isolated, but S. baltica and psychrotrophic, low-GϩC Shewanella spp. were the most abundant H 2 S-producing bacteria. In the summer of 2001 both S. baltica and high-GϩC Shewanella spp. outnumbered S. algae. This higher incidence of high GϩC Shewanella spp. in fish requires more detailed study, e.g., monitoring Shewanella spp. occurrence in the surrounding water column etc. The persistence of S. baltica during storage at 0°C is likely due to its faster growth rate at low temperature. The disappearance of high GϩC Shewanella spp. (capable of growing at 0°C; Table 1 ) during storage at low temperature suggested that not all psychrotrophic species grew equally well during prolonged cold storage.
Since S. putrefaciens has been identified as the main spoilage bacterium of iced marine fish (14, 15, 16) , we further studied the ability of S. baltica and Shewanella spp. to grow at 0°C. As observed in the prolonged cold storage experiment, members of S. baltica and low GϩC Shewanella spp. strains grew well at 0°C when inoculated in the cod juice. The decline in the counts of high GϩC Shewanella spp. under the low-temperature conditions further substantiates the notion that not all psychrotrophic species could grow well under low-temperature storage conditions. All species reduced TMAO, produced H 2 S, and grew well in fish juice at higher temperatures (data not shown). It may also be hypothesized that S. baltica can produce substances that suppress the growth of other bacterium because S. baltica was always cultured from the fish that was stored for Ͼ7 days at 0°C. Further research is warranted to elucidate such a phenomenon. In summary, the main H 2 S-producing organism growing on iced marine fish caught in the Baltic Sea was identified as S. baltica; however, when the water temperature was low, a novel low-GϩC Shewanella spp. could also play a role in the spoilage of aerobically stored fish in ice (0°C).
